(ASD) with A-H prolongation in primum ASD and P-A prolongation in secundum ASD. The mean H-V interval was significantly prolonged in ostium primum ASD and in patients with severe aortic stenosis, aortic insufficiency, and mitral regurgitation. Grouping of the patients physiologically revealed that patients with moderate-tosevere right ventricular volume overload had P-H prolongation, and patients with severe left ventricular volume or pressure overload had H-V prolongation. The clinical implications of these findings are discussed.
modification of the technique of Scherlag et al.9 SO A quadripolar electrode catheter with interpolar intervals of I cm was introduced percutaneously through a #6 Desilets sheath into the right femoral vein. The tip of the catheter was advanced under fluoroscopic control until the catheter just entered the right ventricle and was manipulated until an adequate recording of the His bundle electrogram was obtained on at least two of the electrograms recorded from adjacent pairs of electrodes. The recordings were made at a paper speed of 100 mm/sec using an Electronics-for-Medicine oscilloscopic photographic recorder with frequency limits set at 40-500 cycles/sec. The His bundle electrograms were recorded simultaneously with two leads of the surface ECG, usually leads II and aVR. The electrogram with earliest onset of the His depolarization was used for all measurements. Measurements were made in the following manner ( fig. 1) : P-H interval: from the onset of the earliest deflection of the P wave of either of the surface leads to the earliest onset of the deflection of the His spike.
A-H interval: from the first major rapid deflection of the atrial depolarization as noted on the His bundle electrogram that recorded the earliest His spike to the onset of the His deflection.
H-V interval: from the onset of the earliest His bundle spike to the onset of ventricular depolarization, whether occurring first on any of the intracardiac electrograms or on the surface ECG.
Ten consecutive beats were analyzed and the mean value for each of the parameters for each patient were calculated. From these measurements the mean difference between the P-H and A-H intervals was calculated. This will be referred to as the P-A time. The mean R-R interval was calculated for the same 10 beats analyzed.
None of the patients was in congestive heart failure and none was receiving any cardiac medications, i.e., digitalis, anti-arrhythmic, diuretic, or anti-hypertensive agents during the period of study or in the preceding two weeks. All of the patients, both normal and abnormal, were in normal sinus rhythm at the time of the study. The routine preparation for Data obtained from His bundle electrograms were correlated with the diagnostic findings at cardiac catheterization. Ages varied from 2 months to 24 years; the mean age was 8.2 years and median age was 8.0 years. The 41 normal subjects included patients with murmurs thought to be organic, but found not to correlate with functional or anatomic abnormalities when studied with both right and left heart catheterizations, multiple oxygen content determinations, and hydrogen studies." None of the normal children had a significant gradient across any valve or outflow tract, nor did any have evidence of intracardiac or extracardiac shunting.
In the 307 patients with heart disease, the His bundle electrogram data was analyzed with respect to the specific diagnoses. The patients were also grouped according to the physiological strain on the heart, and the His bundle electrogram measurements of the groups were compared. Group I was composed of those patients with right ventricular volume overload, including ostium primum and ostium secundum atrial septal defect (ASD) and partial anomalous pulmonary venous return (PAPVR). Group II was composed of patients with left ventricular (LV) volume overload (ventricular septal defect, patent ductus arteriosus, mitral regurgitation, and aortic regurgitation). Patients with right ventricular (RV) pressure overload lesions (pulmonary stenosis and tetralogy of Fallot), made up group III and those with LV pressure overload, namely valvular aortic stenosis (AS), idiopathic hypertrophic subaortic stenosis, (IHSS) and coarctation of the aorta, group IV.
For the purpose of data analysis, each of these physiological groups, as well as each specific diagnostic category, was further subdivided into hemodynamic divisions. In group I with RV volume overload, analyses were undertaken on the basis of shunt size within each diagnostic category and in the group as a whole; arbitrary limits utilized in these patients were pulmonary-to-systemic flow ratios (Qp/Qs) of less than 2.0, 2.0-3.0, and greater than 3.0. Patients in group II with ventricular septal defect (VSD) and patent ductus arteriosus (PDA) were similarly subdivided; in addition, analyses were also undertaken following categorization by the magnitude of the right ventricular systolic pressure elevation (<50 mm Hg, 50-70 mm Hg, and >70 mm Hg). Patients in group II with aortic regurgitation (Al) and mitral regurgitation (MI) were ranked according to an angiographic estimate of the degree of insufficiency as greater than + + + vs less than + + +. Patients in group III with RV pressure load were analyzed in a similar fashion: those with pulmonic stenosis (PS) were categorized according to the magnitude of RV pressure, while those with tetralogy of Fallot (TF) were not subdivided further since all had RV pressure at a systemic level. In addition, values of patients exhibiting PS with right ventricular pressures in excess of 70 mm Hg were grouped with TF and compared to normal values. All group IV patients as well as those in individual diagnostic groups were analyzed according to the magnitude of gradient across the aortic valve in patients with aortic stenosis (AS) or peak pressure differences between the transverse and descending aortic arches in patients with coarctation of the aorta (<50 mm Hg, 50-70 mm Hg, and >70 mm Hg). Additional analyses were undertaken based on the height of LV pressure (whether the pressure was < 150 mm Hg, 150-200 mm Hg, < 175 mm Hg, >175 mm Hg, and >200 mm Hg).
In addition, patients with complete d-transposition of the great arteries, congestive cardiomyopathy, and mitral stenosis were studied. Data for these patients were analyzed separately and were not included in the above four functional groupings. Patients who had undergone surgical repair of ASD, VSD, and TF and surgical relief of valvular PS were not included in the physiologic categories above; but where data on preoperative hemodynamics were available, the groups were compared with the preoperative hemodynamic abnormalities.
The data were calculated using a Monroe Computer and the mean, standard deviation, and standard error of the mean for all parameters were determined for each diagnosis and for each physiologic group. All results according to individual diagnoses were compared to the normal values and to each other, and postoperative cases were compared with preoperative cases with the same diagnosis. Comparisons were also made according to physiologic groups. Tests of significance were determined using the Student's t-test for independent variables.'2 After preliminary analysis, the findings for each of the His bundle electrogram parameters were plotted against age and R-R interval, and correlation coefficients were determined using the standard Monroe program for each diagnosis, each group, and for the entire patient group. Regression 
Results
The distribution of diagnoses and number of patients with each diagnosis and in each group are presented in table 1.
P-H Interval
The normal P-H interval (tables 2 and 3) was 93.4 ± 15.3 msec (mean ± standard deviation). The mean value for group I (table 2) differed significantly from normal (104.5 ± 15.0 msec, P < 0.01). None of the means of the other physiologic groups were significantly different from the normal values (tables 2 and 3). Patients with ASD (both ostium primum and secundum) had significantly greater P-H intervals than the normal subjects (table 2 and fig. 2 ). The mean interval in those with ostium primum defect was 108.7 ± 10.9 msec (P < 0.05) and in ostium secundum defects was 103.1 ± 16.3 msec (P < 0.05). In both the primum and secundum ASDs the shunt magnitude was not significantly related to the abnormality noted in the P-H interval. Those with postoperative ostium primum ASD (table 4) also had significantly prolonged P-H intervals (164.0 ± 72.7 msec, P < 0.001). In patients with VSD and TF, although the preoperative P-H means were not significantly different from normal (tables 2 and 3), postoperative P-H intervals were prolonged when compared to normal (1 10.4 ± 24.7, P < 0.01, and 102.3 i 21.2, P < 0.05 respectively) (table 4). Postoperative subjects with VSD and with TF had a significantly longer mean P-H interval than did preoperative patients with these disorders (110.4 ± 24.7 msec vs 96.1 + 15.4 msec, P < 0.05 [tables 2 and 41 and 102.3 ± 21.2 msec vs 93.6 ± 14.1 msec, P < 0.05 [tables 3 and 4], respectively). Neither the size of the shunt nor the RV pressure preoperatively correlated with the presence or absence of abnormality in the P-H interval in these postoperative patients.
P-A Time
The calculated mean P-A time was found to be statistically different from normal only in group I with RV volume overload (tables 2 and 3). The P-A time was 25.3 ± 9.5 msec compared to 21.2 + 7.1 msec in normal patients (P < 0.05). In this group it was the ostium secundum ASD patients who were abnormal, 25.7 ± 9.2 msec (P < 0.05) (table 2, fig. 2 ) whereas the P-A time of the ostium primum patients was not significantly prolonged. Those with secundum ASD who had Qp/Qs > 2.0 had abnormal findings whereas those with lesser shunts had values closer to the normal mean value. Postoperatively, secundum ASD patients had normal P-A times (table 4). Two other diagnostic categories were found to correlate with a prolonged P-A time, namely the small group of PS patients with RV pressure greater than 70 mm Hg (table 3) , and the postoperative VSD patients (table 4) .
A-H Interval
The A-H interval in normal children was 72.2 ± 15.9 msec (tables 2 and 3). Among the physiologic groupings, Abbreviations: AI = aortic insufficiency; AS = aortic stenosis; ASD = atrial septal defect; Coaret = coarctation of aorta; IHSS = idiopathic hypertrophic subaortic stenosis; MI = mitral insufficiency; PDA = patent ductus arteriosus; PS = pulmonary stenosis; PAPVR = partial anomnalous pulmonary venous return; TF = tetralogy of Fallot; VSD = ventricular septal defect; LV = left ventricular; RVright ventricular. Asterisks indicate significant difference from normal: *P <0.05; **P <0.01; ***P <0.001.
Abbreviations: Same as in tables 1 and 2; Grad = gradient.
there was a significant difference from normal noted in group I with RV volume overload (table 2) , with a mean value of 82.8 ± 22.7 (P < 0.05). This increase in A-H interval for the entire group was due to prolongation of the A-H among those with ostium primum ASD (table 2 and fig. 2 ), for they had significantly prolonged A-H intervals (96.3 ± 37.8 msec, P < 0.01), whereas those with ostium secundum defects did not significantly differ from normal (77.3 ± 13.0 msec). The degree of A-H interval abnormality tended to vary with the magnitude of the shunt, but this correlation was not significant. Postoperatively, the patients with repaired ostium primum ASD ( (table 2) had a mean H-V interval that was significantly greater than normal, 47.1 ± 14.4 msec (P < 0.05). The H-V interval did not correlate with the magnitude of the shunt in primum ASD patients. Patients with marked hemodynamic effects on the LV (groups 2 and 4 and fig. 3 ) were also found to have significant prolongation of the H-V interval. In group 4, with LV pressure overload (table 3) those with pressures of greater than 175 mm Hg had H-V intervals of 44.5 ± 9.4 msec (P < 0.05) and those with pressures greater than 200 mm Hg had H-V intervals of 56.0 ± 4.5 (P < 0.001), while patients exhibiting a pressure gradient greater than 70 mm Hg had H-V intervals of 44.8 ± 9.1 (P < 0.05). The abnormal H-V values in this group were concentrated among patients with valvular AS. More nearly normal values were found in patients with coarctation of the aorta, possibly because none of the latter achieved high LV pressures nor gradients. The group II patients with LV volume overload due to Al or MI (table 2) both had significantly prolonged H-V intervals, and this elevated value for the group was found to be due to abnormalities in those with the more hemodynamically severe AI or MI (fig.  3 ). In contrast, patients with LV volume overload due to PDA or VSD had normal H-V intervals, as did patients with less severe MI or Al.
Postoperatively, both the repaired primum and secundum ASD patients had H-V intervals significantly different from the normal (table 4) ; here, the H-V intervals were significantly shorter than normal in the patients with repaired ostium primum ASD who preoperatively had had Qp/Qs > 2.0 and those with ostium secundum ASD who had had Qp/Qs < 2.0.
Correlation with Age and Rate
Analysis of the Hi-s bundle electrogram intervals with regard to age was made for each diagnosis and for each physiologic group. No significant correlation was found. Since the intervals did not deviate from normal in the majority of the groups and diagnoses studied, all of the patients were analyzed together with respect to age and R-R interval. P-H, A-H, P-A, and H-V intervals varied with age and P-A time varied with heart rate, but the correlation coefficient was less than 0.23 in all instances and therefore of little im-portance. There was an association between age and R-R interval with r = 0.50, confirming the well-recognized fact that heart rate falls with growth from infancy through adolescence. The H-V interval varied with age (r = 0.23), but not significantly with rate.
Discussion
The mean P-H interval was increased in both the ostium primum and ostium secundum ASD patients (table 2 and fig. 2 ). However, the cause for the P-H prolongation was different in these two groups. Among patients with ostium primum ASD the A-H interval was prolonged whereas the P-A time was normal, suggesting that the P-H interval prolongation was due to delay in conduction from the low right atrium across the A-V node to the bundle of His. In contrast, P-H prolongation noted in patients with secundum ASD (table 2, fig. 2 ) was found to be associated with a prolonged P-A time and a normal A-H interval suggesting that P-H prolongation in secundum ASD patients was due to intra-atrial conduction delay rather than to slowing of conduction across the A-V node. Of interest was the fact that in ostium primum ASD patients, the A-H interval prolongation did not correlate significantly with the magnitude of the left-to-right shunt and postoperatively these patients maintained the A-H abnormality (table 4) , whereas among the patients with ostium secundum ASD (table 2 and fig. 2 ), the P-A time abnormality correlated with the shunt magnitude and only those with Qp/Qs > 2.0 had PA time prolongation. Postoperatively, those patients who had secundum ASD repair (table 4) had normal P-A times and probably as a result, normal P-H intervals.
These findings suggest that the P-R prolongation noted on the surface electrocardiogram in ostium primum ASD patients is due to functional abnormality in conduction across the A-V node area, an abnormality that persists after the repair of the defect. It is likely that because the ostium primum ASD is close, it may affect the A-V node area and proximal bundles of His. In contrast, the prolongation of the P-R interval in ostium secundum ASD is related to intraatrial conduction time and appears to be dependent on shunt magnitude, and probably on the accompanying right atrial enlargement, with increased intra-atrial conduction distance, which become normal after repair of the septal defect. Our findings are in agreement with those of Anderson et al.8
who found prolonged P-A times and normal A-H intervals in patients with ostium secundum ASD. Waldo et al.,7 however, studying patients at surgery with the right atrium opened, found significant prolongation of intra-atrial conduction times in ostium primum but not in ostium secundum ASD patients and noted normal conduction across the A-V node in the ostium primum ASD patients. The difference in findings may have been due to the methods utilized and the smaller number of patients studied. A number of other investigators have undertaken studies of the His bundle electrogram in patients with ASD. Patient numbers have been small, findings in normal control patients have not been reported, and results have been inconsistent.2-6
The A-H interval was also found to be significantly prolonged in patients with pulmonic stenosis (table 3) who had high grade RV pressure overload (RV pressure > 70 mm Hg). This may have been due to the effects of increased right ventricular pressure overload on the right atrium with resulting right atrial enlargement.
Only two other diagnostic categories had abnormalities in P-H intervalpostoperative VSD and postoperative TF (table 4 ). Since the P-H interval was normal in nonoperated patients, it is likely that intra-operative trauma and manipulation may have played a role. The H-V interval was normal in most of the diagnostic groups. The only abnormality associated with a prolonged H-V interval in group I was ostium primum ASD (table 2) . In this group, the magnitude of the shunt did not correlate with the H-V prolongation, although the presence of the shunt appeared to be necessary in that prolongation was not present in the group with surgically repaired ostium primum ASD (table 4). This suggests that the etiology was not due to the magnitude of the hemodynamic abnormality, but rather to its presence and to its relation to the position of the anatomical defect per se.
In children with ostium primum ASD it has been suggested that the distal portions of the trifascicular conduction system are normal, but that the left axis deviation and rSR' pattern are due to abnormalities of the proximal parts of the right bundle branch and the anterior radiations of the left bundle branch, possibly because of the close anatomical relation of these two fascicles to the septal defect.13 It is also possible that the septal defect affects the bundle of His before it branches, inhibiting conduction through the fibers destined to become the right bundle branch and the left anterior radiation of the left bundle banch. Our findings are most compatible with this latter hypothesis but suggest also that the fibers within the bundle of His that are destined to branch as the posterior radiations of the left bundle are also affected, though less so, by the proximity of the bundle of His to the septal defect. This hypothetical combination of functional abnormalities would serve to explain the observed prolongation of the H-V interval seen in this group of patients. Postoperatively, ostium primum lesions were no longer found to have prolonged H-V intervals although the rSR' pattern and marked left axis deviation continued to be present. This suggests that whatever the fundamental etiology of the rSR' and left axis deviation, they are permanent and probably anatomical defects rather than outgrowths of the hemodynamics of the situation, and thus not reversible when the hemodynamics is corrected. The prolonged H-V interval, however, which may reflect conduction delay in the posterior radiations, was brought into the normal range in those who had their shunt repaired, suggesting that flow across the defect and across the closely associated His bundle functionally affected the fibers destined to form the posterior radiations of the left bundle branch, but did not cause them permanent or irreversible damage. The H-V interval was also prolonged in two other small groups of patients, both of which had marked hemodynamic insult to the LV (fig. 3 ). These were the group of patients exhibiting LV pressure overload (table 3) with pressures > 175 mm Hg and outflow gradients >70 mm Hg, and those patients with LV volume overload having Al or MI of severe degree (table 2). The reason for this is not completely clear, but it is conceivable that chronic endocardial trauma due to LV volume or pressure overload may compromise conduction in the left bundle branch (which lies im-mediately beneath in the subendocardium). Depolarization of the left septum, which is normally the earliest part of the LV to be activated, may be delayed and cause a prolongation of the H-V interval.
The observation that the H-V interval was significantly shorter than normal in patients with ostium primum or ostium secundum ASD that were repaired (table 4) is curious and we have no explanation for these findings. Ostium primum ASD patients may have a more facilitated type of conduction made necessary by the trauma to the His bundle caused by the shunt. When the trauma is removed this facilitated conductive ability is unmasked and persists, as reflected in a significantly shorter H-V interval. In patients with ostium secundum ASD a similar reasoning may apply, but the less severe trauma to the His bundle, because of the position of the defect, allows this facilitation of conduction through the His bundle to maintain normalcy of the H-V interval when the shunt was present. With repair of the hemodynamic defect the facilitated conduction, now producing a short H-V, is unmasked. This theory is purely speculative but may explain our observed findings. 
